Telomeres as HD biomarkers:
The possibility of presymptomatic genetic testing in HD opens the way for evaluating potential disease-modifying treatments in the premanifest phase. Biomarkers that reflect underlying disease processes or progression are needed to monitor changes in clinically asymptomatic individuals. No studies to date have yielded validated biomarkers that can accurately predict either age at HD onset or disease progression, although the neurofilament light protein appears extremely promising (Silajdzic and Bjorkqvist, 2018) . At present there are no effective treatments in clinical practice that can prevent the disease, halt its progression or delay its onset. Nonetheless, as the future holds promise for disease-modifying strategies, there is a need for reliably assessable disease progression biomarkers, as well as markers to detect treatment-related changes.
Ideally, a biomarker will be closely linked to the pathophysiology of the disease, reliable, accurate, sensitive, specific, reproducible, inexpensive, non-invasive, and acceptable for the patient (Silajdzic and Bjorkqvist, 2018) . Easily accessible peripheral biomarkers from peripheral blood mononuclear cells and plasma have gained increasing attention. Our recent work seems to indicate that leukocyte telomere length (LTL) could possess several of the characteristics required of an ideal biomarker to track HD progression (Scarabino et al., 2019) .
Telomeres are the terminal ends of the chromosomes and play a role in preserving genome stability. Telomere shortening occurs progressively with repeated cell division because of the inability of DNA polymerase to replicate the 3′ end of the DNA strand. A cellular multiprotein complex, called telomerase, counteracts telomere shortening, but its activity, usually present in the early stages of embryonic development, is silenced in several human somatic tissues immediately after birth. As a consequence, the telomeres shorten progressively with increasing age in the replicating cells of adult tissues (Blackburn et al., 2015) . This phenomenon may indicate cellular senescence and reflect an organism's biological age. Peripheral blood mononuclear cells provide an easily accessible source of cells in which telomere length can be analyzed.
Shortened LTL has been found to be associated with aging and various age-related diseases, including cardiovascular diseases, Alzheimer's disease (AD), and stroke-associated dementia. Studies have demonstrated rapid leukocyte telomere shortening in diseases associated with increased systemic oxidative stress and chronic inflammation (von Zglinicki, 2002) . In addition, telomere loss may be induced by increased immune cell turnover associated with inflammation. When LTL was investigated in neurodegenerative diseases, shorter LTL was frequently found in association with cognitive decline/dementia and AD. A significant progressive leukocyte telomere reduction detected in patients with mild cognitive impairment (MCI) and AD, as compared with controls (Scarabino et al., 2017) , suggests that LTL measurement could be a useful means to follow dementia progression as it converts from prodromal (MCI) to manifest AD. AD and HD share several common features, including loss of neurons, accumulation of aggregated and misfolded proteins, and cognitive decline (Clark and Kodadek, 2016) . Unlike subjects with MCI in which the evolution of the disease towards AD is uncertain, premanifest individuals with HD will inexorably develop the disease, although the age at disease onset varies widely.
Our recent study (Scarabino et al., 2019) analyzed LTL in a sample of patients with premanifest (pre-HD, n = 38), manifest HD (HD, n = 62), and healthy control (n = 76) to gain a clearer picture of the relationship between telomere length and HD progression. The mean LTL differed significantly (P < 0.00001) across the three groups, with the highest mean values observed in the control group, intermediate values in the premanifest HD, and the lowest values in the manifest HD patients (Figure 1A) , suggesting a relationship between telomere shortening and manifest HD development. The mean LTL values observed in manifest HD were nearly half those observed in the age-matched controls and slightly higher than the minimum length reported to be necessary to ensure human telomere protective stability in white blood cells (Blackburn et al., 2015) . Comparison of the regression lines showed that the decreasing trends for telomere length with age were significantly different among the three groups ( Figure 1B) . As expected, there was a downward trend of LTL with increasing age in the controls, which began to increase with advancing ages. In very young premanifest HD patients, LTL was very similar to that reported for the age-matched controls but with and fast decrease after the age of 30. The youngest manifest HD subjects showed already very short telomeres, with only a slight decrease in the most advanced ages (Figure 1B) .
After adjusting LTL for age, the effect of CAG repeat number on LTL was analyzed as well. An inverse relationship between mean LTL values and number of CAG repeats was found in the individuals with premanifest HD but not in those with manifest HD, indicating that in premanifest HD the number of CAG repeats contributes to telomere attrition independently of age (Scarabino et al., 2019) . These findings indicate that in premanifest HD leukocyte telomeres begin to shorten gradually and markedly after age 30 years, depending on increasing age and CAG number, up to the values that are typically observed in patients with manifest HD. In premanifest HD individuals, LTL was then examined in relation to the estimated time to clinical diagnosis. The estimated age at onset was calculated according to the formula of Lanbehn et al. (2010) , at different probability values, given CAG repeat number and age at blood sampling. The years to clinical diagnosis were calculated as the difference between estimated onset and age at blood sampling. A significant linear positive relationship was observed between LTL and estimated years to diagnosis, indicating that the fewer the estimated years to HD onset, the shorter the LTL and vice-versa (Scarabino et al., 2019) . To date, two other studies on LTL in HD have confirmed significantly shorter LTL in HD patients as compared with controls (Kota et al., 2015; Castaldo et al., 2019) .
Taken together, the data seem to indicate that LTL could possess several characteristics required of an ideal biomarker of HD progression (Silajdzic and Bjorkqvist, 2018) . It can be easily obtained by inexpensive blood sampling, and it is readily quantifiable and highly reproducible. Moreover, LTL is closely linked to the pathophysiology of HD. Indeed, the discovery of brain lymphatic vessels, the new role of microglia and astrocytes in survival, and metabolism of neurons are changing the idea of the pathogenesis of neurodegenerative diseases. There is now strong evidence that the mechanism leading to neuron death is substantially influenced by the expression of the mutant protein by non-neuronal cells (microglia-astrocytes, non-cell autonomous pathogenesis). Since microglial cells are regulated and regulate lymphocytes (Clark and Kodadek, 2016) , we reason that peripheral lymphocyte stress might be a faithful mirror of microglia-astrocytes-neuron stress. Moreover, also leukocyte telomere shortening could reflect microglial activation and the resulting neuroinflammatory state. In this context, we may speculate that leukocyte telomere shortening could be an indicator of the above-mentioned phenomena that accompany disease progression from the premanifest to manifest HD.
Conclusions and future perspectives: LTL measurement seems to possess distinctive features required for a suitable biomarker to detect HD progression: it is easy to obtain, readily quantifiable and reproducible, and closely linked to the pathophysiology of HD. In premanifest HD individuals, LTL shows a very significant linear relationship with the estimated years to the clinical onset of HD and could predict the time at clinical diagnosis with good probability levels. Using LTL as a biomarker in HD could have multiple potential applications: 1) characterize the different phases (premanifest and overt dis ease); 2) monitor the progression of pathogenic events leading to manifest disease; 3) find peripheral patterns that may mirror brain dysfunctions; 4) contribute to constructing a simple and reliable model, perhaps by incorporating novel biomarkers (LTL, circulating micro-RNAs and snoRNAs, neurofilament light protein), to predict disease onset and to define a temporal window in which patients could be effectively treated. Previous models, which focused only on the length of CAG trinucleotide repeat expansion, were univariate predictors of clinical age; 5) monitoring the efficacy of potential novel therapies.
In this context, a non-invasive procedure to obtain samples and relatively simple analytical assays are desirable as biomarkers for trials and care in premanifest HD individuals. Extending the analysis to a larger sample with a longitudinal study design would be useful for investigating the real properties of LTL as a biomarker for HD progression. 
